
No. I.] ROTARY POWER OF LIMONENE. J J 

T H E ROTATORY POWER OF LIMONENE AT 
LOW TEMPERATURES.1 

BY F. A. MOLBY. 

TH E work described in this paper is a continuation of the study 
of the effect of low temperatures upon the optically active 

substances, the first results having been published in the January 
number of the PHYSICAL REVIEW of the present year. The former 
paper contained a description of the apparatus used in the study of 
quartz. The apparatus used in the study of limonene is essentially 
the same, namely, a Lippich triple field polariscope of most recent 
and improved construction (Schmidt & Haensch), graduated in 
circular degrees and hundredths of a degree, and an iron-constantan 
thermo-couple, with potentiometer, for measuring temperatures. 
The range of temperature through which the limonene has been 
studied is from 200 to — 1300. For the most part the observations 
end at — 1200. 

The limonene studied was procured through the Fritzsche 
Brothers of New York. It was ordered especially for this work 
and bears Schimmel and Company's (of Leipsig, Germany) mark 
" limonene pure." Occasion is here taken to thank the firm for fur
nishing the special order free of charge. The sample was secured 
from the manufacturers in July, 1908, and the package was kept 
unopened until March of this year. It is hoped that by keeping it 
thus and by using much care to prevent contamination and to pre
vent oxidation by exposure to the air, the results will be faultless 
so far as the purity of the specimen can enter into them. 

As considerable difficulty was encountered in obtaining a satis
factory tube for observations, due to the very great solvent power 
of the liquid on all rubber washers or organic seals tried for mak
ing joints, the tube used will be described here with a view of a 

1 The substance of this paper was in part given at the April meeting of the Physical 
Society in Washington. 
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vertical section through the tube and cooling device. The illustra
tion is drawn accurately to scale. 

1 | |G 
11 B 

J is a glass tube 15 cm. long and 1.4 cm. inside diameter. AA 
are two glass air cells 8 cm. long and 1.1 cm. inside diameter. E 
£ are of plate glass 8 mm. thick and ground into AA, intended for 
making vacuum cells. / is an intake tube through which the 
thermo-junction is inserted. C is a tin can for cold air space around 
T. S is a sheet copper saddle leaving 2 mm. air space around T. 
G is a glass tube extending into the bottom of the can C. 

As the limonene soon dissolved out any tallow or wax seal on 
EE and passed through as a vapor, the idea of exhausting the air 
from the tubes AA had to be abandoned. Black paper tubes were 
fitted inside A A with a thin space between them and the glass for 
phosphorus pentoxide. The outside diameter of the air cells is just 
small enough to allow them to be slipped inside of T so that the 
joints between T and AA are 5 cm. from the cooled liquid, and a 
seal of water glass forms insoluble joints which are not exposed to 
extreme cooling. The length of tube left between AA for the 
specimen to be observed is 4.97 cm. The wooden box B serves as 
a holder for the tube and for a form into which wool is packed for 
insulating the tube from the exterior. The inside wall of the box 
is lined with bright tin to help insulate the tube and cooler. 
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The glass tube G is, during a set of readings, connected to a 
Dewar flask of liquid air and the cooling of the specimen is accom
plished by blowing liquid air over in small quantities. The key of 
the potentiometer is kept closed with one junction of the thermo
couple in the limonene while the other is in cracked ice (but pro
tected by a thin glass tube), so that small changes of temperature 
are at once apparent and by careful watching the temperature of the 
specimen can be held at any temperature with not more than one 
half of one degree variation from the mean temperature desired. The 
copper saddle is for the purpose of securing uniform temperature along 
the specimen, which is very much aided by the fact that the liquid air 
evaporates at once on reaching the bottom of the tube G and causes 
a good circulation of the air surrounding the tube T. The thermo
couple responds so quickly to changes made by the cold air sup
plied that there is apparently a good thermal conductivity in the 
limonene and the results also tend to show that the temperature 
distribution is good. 

The calibration of the thermo-couple is somewhat different from 
that in the work with quartz. The usual second degree equation 
did not give a curve passing through all of the observed points, so a 
third degree equation of the form 

E=. at + bt2 + ct3 

was assumed, and the constants were found from the values ob
served between ice and steam, between ice and C02 ether paste, and 
between ice and liquid air (by analysis of air). From these constants 
intermediate E.M.F.'s were computed and a smooth curve drawn 
through the plotted points. The table follows as used. 

TABLE I. 

T 
E X 10-3 

T 
E X 10"5 

-192° 
-810 

- 78.3 
-388 

-182° 
-782 

- 60 
-302 

-160° 
-714 

- 40 
-205 

-140° 
-644 

- 20 
-104 

-130° 
-606 

0 
0 

-120° 
-567 

30 
160 

-100° 
-484 

99.2 
538 

Observations have been made with several wave-lengths of light. 
With any one wave-length the observations extended over four or 
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five hours. For the most part ten settings of the polariscope were 
made for any one temperature of the limonene while the tempera
ture was held practically constant for fifteen or twenty minutes. 
The temperature was then lowered as many degrees as desired and 
a number of settings made for the new temperature; the process 
was then repeated at 15 to 20 degree intervals until a series for the 
one wave-length was completed. In further work some method 
might be used by which observations can be made on the several 
wave-lengths one after the other at a single cooling of the substance. 
The wave-length 589.2 //// was obtained by using a sodium light 
from a double Bunsen burner with a solution of potassium bichro
mate in the small cell at the front of the polarization apparatus. 
The wave-length 670.8 //// was obtained by holding an asbestos 
sponge in the lower part of the Bunsen flame, the sponge being 
saturated with lithium chloride ; the bichromate solution was re
moved from the cell in front of the polarizer and two thicknesses 
of color screens were put in place of the cell, the screens having 
been first tested with a direct vision spectroscope to see that only 
the red light of the lithium was transmitted. The wave-length 
43 5.9////was obtained by means of a spectroscope in connection 
with a Cooper-Hewitt mercury arc lamp ; the slit of the instru
ment was opened quite wide and the images of the slit were formed 
on a black paper screen with a slit only wide enough to transmit one 
image at a time. The polarizer was placed about 20 cm. from the 
slit so that the light diverging from the image illuminated the field 
of the polariscope satisfactorily. A methyl violet screen was placed 
between the polariscope and the image to absorb stray light that 
otherwise came from the other colors of the arc spectrum. The 
wave-length 546.1//// was obtained in the same way as the wave
length 43 5.9 except that the slit of the telescope was made much nar
rower and the distance from the image of the slit to the polarizer 
was somewhat greater. The wave-length 491.6 was too dim to be 
of any use as obtained in the above manner from the mercury arc. 
A combination of two screens, an alkali blue screen and a yellow 
colored one found in a collection of colored screens, was found to 
absorb completely ail wave-lengths of the mercury arc spectrum ex
cept 491.6////. A condenser system similar to that used on an arc 
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lantern was placed between the mercury arc and the polarizer to 
make stronger illumination of the polariscope field, while the screens 
formed a window through a box used for shielding the apparatus 
and observer from the light of the arc. The several wave-lengths 
used were carefully identified by a calibrated spectrophotometer, and 
the purity of the light was in each case tried by the direct vision 
spectroscope. 

Throughout the work the same waterglass joints have been in use 
so that the tube length is the same for all. The polarization angle 
of the polarizer, i. e.9 the angle between the prin
cipal plane of the large polarizer and the principal rfc 
plane of the small polarizers, has been the same. c t 

In dealing with the temperature effect upon the 
optical activity of a liquid substance, the change 
in density of the liquid will increase the number 
of active molecules in a given linear distance if 
the liquid becomes more dense or decrease the 
number if the liquid becomes less dense. As the 
change in density of the limonene with temperature 
is such as to produce in part the increased optical 
activity of the substance observed upon cooling 
the limonene, the following approximately correct 
density determinations were made through the 
range of temperatures used. 

The absolute density of the limonene at 200 

was found by weighing a 25 c.c. specific gravity 
flask on a chemical balance. The net weight of 
distilled water in the flask was 24.917 grams 
weight in air. The net weight of the limonene in 
the flask was 21.222 grams weight. The ratio of 
the two weights gives the relative density of the 
two materials, which multiplied by the density of 
the distilled water at 200 gives the absolute density of the limonene to 
be .850 at 200 C. In order to find the density of the limonene at 
other temperatures the expansion of a given volume was observed 
between — 115 ° C. and 300 C. while it warmed up through about four 
hours of time. The apparatus used for the purpose is shown in ver-
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tical section in Fig. 2. A stop-cock K was sealed into a glass bulb 
B and to the other end of the bulb was sealed a long tube of small 
cross-section. This tube C was bent as shown in the figure so that 
the lower part of the U-shaped portion was 48 cm. from the open 
end of the tube C. The cross-section of the tube C was .085 sq. 
cm. With the tube B inverted the limonene was forced through 
the stop-cock into the bulb B. The bulb B was then inserted in 
the tin can H and the can H was filled with petroleum ether, thus 
surrounding the bulb up to about 2 cm. of the stop-cock. The can H 
was placed in a Dewar cylinder D and surrounded with petroleum 
ether and liquid air. A millimeter scale was attached to the long 
tube C so that the height of the liquid could be read at any tem
perature. On cooling the limonene the stop-cock was opened and 
the tube C filled to a point opposite the letter B in the figure. 
The petroleum ether was continually stirred by a stream of air 
forced to the bottom of the can H through the tube A leading from 
a tank of compressed air. The top of the whole was covered by 
loose wool. The temperature of the bath was measured by the 
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Fig. 3. 

thermo-j unction inserted in the petroleum ether. Frequent excur
sions made through the bath with the junction showed the tempera-
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ture to be fairly uniform. The volume of the tube B and the stem 

C was calibrated later with mercury measured out from pipettes of 

5 c.c. capacity and small cross-section so that volumes could be 

read with reasonable accuracy to .01 c.c. 

Curve A in Fig. 3 shows the volume of limonene in the apparatus 

at the various temperatures. The apparent change of volume is 

somewhat less. A simple calculation using three times the linear 

coefficient of expansion of g l a s s l as volume coefficient gives the 

volume of glass at •— 1200 to be less than at 30 0 by the amount 

3 x .000008 x 150 x 8 c.c. or .0288 c . c , while the apparent 

changes as measured in the tube C could be read accurately to 

.02 x .089 c.c. or about .0018 c.c. The change of volume for t he 

same range of temperature was from the curve A equal to 1.1 c.c. 

so that we have the relative expansion of the limonene about forty 

times larger than that of glass. If we assume the curve A to be a 

straight line the mean coefficient of expansion of the limonene b e 

tween 3 0 0 and -— 120 0 is 

r, Q.13 — 8.03 
£ = ^ - J - = .00081, 

9.06 x 150 

9.06 being the volume at 20 0 C. 

In my experiments I have found the liquid to solidify at —- I 3 0 a 

to — 135 0 C. Its boiling point is 175 or 176 as given by various 

authorities. It is seen to have a coefficient of expansion several 

times larger than that of mercury and it is suggested that the sub

stance possesses some if not all of the properties needed to make 

thermometers with a range of two hundred and eighty or possibly 

three hundred degrees. 

Fig. 3, curve B, shows the density of the liquid over the range 

of temperature used. The density at any temperature / was found 

by the formula 

vt- K -. 

D20 represents the density at twenty degrees and V^ represents the 

volume at twenty degrees and Vt represents the corrected volume 

1 H. G. Dorsey, PHYS. REV., Vol. 25, p. 98. 
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of the limonene at any temperature / as read from the curve Af 

Fig- 3-
TABLE II. 

Limonene. 

Wave-length 435.9 fxfx, 

Temp. 

22.2 
- 0.4 
- 22.5 
- 47.0 
- 66.0 
~ 80.6 
- 92.0 
-102.0 
-115.0 
-123.0 

Obs. R. 

98.0 
103.5 
109.0 
115.7 
120.9 
126.2 
129.1 
132.5 
137.1 
139.7 

We 

232.5 
241.0 
249.3 
259.3 
266.2 
274.3 
277.8 
282.7 
289.3 
292.9 

Wave-length 546.1 M./A. 

Wave-length 491.6 //.ja. 

Temp. 

20?5 
- 0.5 
- 20.5 
- 40.8 
- 54.0 
- 67.0 
- 79.7 
- 89.7 
-116.4 
-124.5 

w 
Temp. 

2L0 

Obs. R. 

sf.% 
60.2 
63.0 
66.0 
68.3 
70.5 
73.1 
75.3 
81.6 
84.2 

ave-length 670.1 

Obs. R. 

35?9 

We 

135?7 
140.2 
144.5 
148.8 
152.1 
155.0 
159.0 
163.0 
172.0 
176.0 

itifi.. 

We 

85?1 
4.0 
9.0 

24.2 
41.0 
61.0 

37.3 
38.6 
39.9 
41.5 
43.6 

87.1 
89.2 
91.2 
93.6 
96.5 

Temp. 

0 
22.0 

- 12.2 
- 30.4 
- 51.0 
- 74.5 
- 85.0 
-104.0 
-120.8 

Obs. R. 

0 
73.6 
79.9 
83.1 
87.1 
92.0 
94.3 
98.9 

102.2 

We 

174?6 
184.3 
188.4 
194.5 
201.1 
204.1 
210.7 
214.6 

Wave-length 589.2 JU-JU.. 

Temp. 

22^2 
.0 

- 18.0 
- 64.0 
- 76.4 
- 89.0 
-103.7 
-114.0 
-118.0 
-123.0 
-125.7 
-128.0 

Obs. R. 

48?8 
51.5 
54.0 
59.9 
61.9 
63.8 
66.4 
67.8 
68.3 
69.3 
69.9 
70.0 

We 

115?9 
120.0 
124.0 
132.1 
135.0 
137.7 
141.4 
143.2 
143.8 
145.4 
146.4 
146.3 

Wave-length 670.8/xju.. 

Temp. 

- 82?0 
-102.0 
-108.0 
-120.7 
-123.5 

Obs. R. 

46?3 
49.4 
50.2 
52.1 
52.2 

M* 

100?4 
105.6 
106.5 
109.4 
109.5 

The specific rotation of a pure liquid active substance is denned 
by the equation 
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where [d]t is the specific rotation, (a)t is the observed angle of rota
tion of the plane of polarization, Dt is the density of the liquid at 
the temperature / and Lt is the length of the column of liquid at the 
temperature t in decimeters of length. 

Table II. gives the observed rotations for the various wave
lengths at the various temperatures, temperature being read from 
the curve of E.M.F.'s described in connection with Table I. The 
third column under each wave-length gives the specific rotation of 
the liquid as computed by use of the formula above. The density 
of the liquid for use in the formula was read from the curve B in 

Fig. 3-
The curves in Figs. 4, 5, 6, 7 and 8 are plotted from the values 

Fig. 4. Wave-length 435.9 fi^t. 
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given in Table II. The upper curve in each of the five figures 
shows the observed rotation for a column of the liquid whose length 
was 4.97 cm. at 200, and which changed but little on cooling as the 
tube was made of glass. The rotations corresponding to the upper 
curve in each of the five figures are given on the right-hand margin. 
The rotations corresponding to the lower curve in each figure are 
given on the left-hand margin. The abscissae are the temperatures 

Fig. 5. Wave-length 491.6 pp. 

at which observations were made. The two curves are thus given 
in order to show what part of the observed change in optical activity 
may be explained by the presence of an increased number of active 
molecules in a given linear distance, and what part of the increased 
rotation is due to the increased activity of the individual molecules 
when they are subjected to a loss of temperature which means, of 
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course, a loss of molecular energy so far as molecular vibration due 
to temperature is concerned. The Fresnel explanation of optical 
rotation, which looks upon the active substance as being capable 

Fig. 6. Wave-length 546.1 fifi. 

of splitting a beam of plane polarized light into two circularly 
polarized beams having oppositely directed vibrations which unite 
to form a plane polarized beam again upon their emergence from 
the active substance but polarized in a different plane because 
of the different velocities with which the two beams travel through 
the substance, is made to explain the phenomena dealt with in 
this paper by simply saying that the refractive index of the sub
stance, being different at room temperature, for the two circularly 
polarized beams, is rendered still more different by diminishing the 
temperature of the substance. Reference to the curve shows that 
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no one of the specific rotation curves for any of the wave-lengths 
is strictly or even approximately a straight line function of the tem
perature. Based upon this fact, and also referring to the curve 
published in the January number of the PHYSICAL REVIEW showing 
that for quartz the rotation temperature curve is not a straight line, 
the following conclusion is offered. [It should be noted that for 
quartz the rotation is diminished, not increased, by cooling, but 

Fig. 7. Wave-length 589.2/^. 

that the flexure of the curve in question is in the same direction as 
that for the limonene curves.] 

The indices of the substance for the two circularly polarized beams 
do not continue to bear the same ratio to each other on cooling the sub
stance. For the amount of rotation produced is proportional to the 
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length of the linear path through the substance. From this it ap
pears that the amount of rotation is proportional to the difference of 

Fig. 8. Wave-length 670.8////. 

phase brought about between the two beams during their passage 
through the substance. But the phase difference brought about is 
also proportional to the difference between the indices of refraction 
for the respective beams. Hence if the index for the one circularly 
polarized beam bore a constant ratio to the index for the other cir
cularly polarized beam we would obtain a straight line when 
plotting temperatures and specific rotation for the substance. On 
the other hand, the indices of refraction of the substance for the two 
circularly polarized beams are not increased by the same absolute 
quantity on cooling the substance, for if they were the curve between 
temperatures and specific rotation for a given wave-length would be 
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a straight line parallel to the axis of temperature, i. <?., a change in 
temperature would produce no change in the specific rotation of the 
substance. 

The five curves in Fig. 9 show the rotary dispersion of the limo-
nene at — 1200, — 900 , — 6o°, — 200 and 200 respectively, be
ginning with the upper curve in the figure. The points on the 
curves in Fig. 9 were read off from the specific rotation curves in 
Figs. 4, 5, 6, 7 and 8. In form the curves resemble those obtained 

Fig. 9. Rotary dispersion. 
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by Mr. P. G. Nutting l for several of the substances used by him in 
his work on ultra-violet rotary dispersion. In comparing them, how
ever, they should be compared only in that part of the spectrum 
covered in my work. On page 8 of his article is given a curve of 
rotary dispersion of limonene which he stated was not of the form 
that should be expected and which is quite dissimilar to the curves 
here published. 

The work will be continued with other of the substances which 
admit of low temperature study. 

CORNELL UNIVERSITY, June, 1909. 

^ H Y S . REV., Vol. 18, July, 1903. 



Fig. 4. Wave-length 435.9 fiy.. 
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Fig. 9. Rotary dispersion. 


